Introduction
============

Atherosclerosis is a common and complex chronic inflammatory disease of the vascular wall associated with lipid deposition and plaque fibrosis ([@b1-etm-0-0-8211]--[@b3-etm-0-0-8211]). Clinically, atherosclerosis is characterized by a marked dysfunction in lipid homeostasis, slow metabolism and retardation of signaling pathways that regulate the inflammatory response ([@b4-etm-0-0-8211]). Recently, morbidity of patients with atherosclerotic is increased significantly ([@b5-etm-0-0-8211]--[@b7-etm-0-0-8211]). A number of factors can trigger and sustain atherosclerosis, including smoke, obesity, arterial hypertension, dyslipidemia and diabetes mellitus ([@b8-etm-0-0-8211]). Ultimately, inflammation plays an important role in the pathogenesis of atherosclerosis, which has been recognized and confirmed at the molecular level in numerous animal models ([@b9-etm-0-0-8211]). In addition, endothelial cell injury in vascular arterial walls caused by inflammation frequently leads to the increased risk of atherosclerosis due to pathological changes and deposition of cholesterol ([@b10-etm-0-0-8211]). It is therefore crucial to investigate the association between inflammation and endothelial cell injury in atherosclerosis.

Pterostilbene (*trans*−3,5-dimethoxy-4-hydroxystilbene; Pts), a dimethylated analog of resveratrol, has been recognized to possess protective properties against inflammation and various diseases, such as heart reperfusion injury and atherosclerosis ([@b11-etm-0-0-8211]--[@b13-etm-0-0-8211]). Pts presents antioxidative and anti-apoptotic efficacy in numerous types of diseases via regulation of intracellular metabolism ([@b14-etm-0-0-8211]). Evidence suggests that Pts plays a role in suppressing the inflammatory response via NF-κB inactivation in lipopolysaccharide (LPS) or tumor necrosis factor-α (TNF-α)-induced vascular smooth muscle cells by downregulation of Toll like receptor 5 expression ([@b13-etm-0-0-8211]). Data indicate that Pts inhibits smooth muscle cell migration via the mitogen-activated protein kinase / matrix metallopeptidase-2 pathway and plays a novel role in the treatment of atherosclerosis ([@b15-etm-0-0-8211]). Pts has also been reported to have anti-inflammatory activity through the suppression of Akt kinase ([@b16-etm-0-0-8211]). An additional study suggested that the pro-atherogenic effect of nuclear factor erythroid 2-related factor 2 (Nrf-2) signaling was primarily mediated by its permissive role in interleukin (IL)-1 production in the chronic vascular inflammation that drives atherosclerosis ([@b17-etm-0-0-8211]). Nrf-2 is known to be a pro-atherogenic protein in mice, which may be mediated via positive regulation of CD36 and is a potential targeted therapy for cardiovascular diseases ([@b18-etm-0-0-8211]). However, the association between Pts and Nrf-2 in endothelial cells in vascular arterial walls has not been clarified.

The purpose of the present study was to explore the anti-inflammatory activity, and antioxidative and anti-apoptotic efficacy of Pts in endothelial cells in vascular arterial walls in an atherosclerosis rat model. The Pts-Nrf2-5′ adenosine monophosphate activated protein kinase (AMPK) / signal transducer and activator of transcription 3 (STAT3) signaling pathway was analyzed in endothelial cells in vascular arterial walls. The results explained the protective effects of Pts against apoptosis of endothelial cells in vascular arterial walls, and provided insight into its potential mechanism and use as an anti-atherosclerosis treatment.

Materials and methods
=====================

### Animal study

A total of 24 male Sprague-Dawley rats (age, 8 weeks; weight, 320--350 g) were purchased from Experimental Animal Center of Shandong University. All rats were kept under 12-h light-dark cycles at (23±1)°C and (50±5)% humidity, and had free access to food and water. An atherosclerotic rat model was established through endothelial injury of the iliac arteries and feeding with a 2.5% cholesterol diet with 1% glucose (Sigma-Aldrich, Merck KGaA) for 6 weeks as described previously ([@b19-etm-0-0-8211]). The rats were randomly divided into two experimental groups: i) The control group that received PBS treatment orally and ii) the experimental group that orally received Pts (≥99%, purity; 10 mg/kg/day; Great Forest Biomedical, Ltd.) treatment with a regular diet for 4 weeks. Rats were sacrificed using cervical dislocation after the 4-week treatment and an anesthetic (40 mg/kg intravenous pentobarbital; Sigma-Aldrich; Merck KGaA) was used prior to euthanasia.

### Evaluation of inflammatory cytokines in serum

Peripheral venous blood samples were collected from experimental rats and serum samples were obtained after centrifugation at 10,000 × g for 5 min at 4°C and analyzed for biochemical measurements. The concentrations of monocyte chemoattractant protein-1 (MCP-1; cat. no. RJE00B), Il-6 (cat. no. R6000B), IL-1β (cat. no. RLB00) and TNF-α (cat. no. RTA00) were determined using enzyme linked immunosorbent assay (ELISA) kits according to the manufacturer\'s instructions (R&D Systems, Inc.).

### Histopathological and histomorphometric evaluation of aortic arch

Rats were sacrificed using cervical dislocation on week 5 as described above. The aortic arch samples (the remaining samples were stored at −80°C for subsequent use) obtained were fixed in 10% paraformaldehyde for 12 h at 4°C, washed with PBS, embed in paraffin, cut into 5-µm thick sections and subjected to antigen retrieval using eBioscience™ IHC Antigen Retrieval Solution (cat. no. 00-4955-58, Invitrogen, Thermo Fisher Scientific, Inc.). Thick longitudinal sections (5-µm) were stained with hematoxylin and eosin for 15 min at room temperature and images captured under a light microscope at ×40 magnification. The histopathological and histomorphometric images were evaluated by three independent pathologists.

### Quantification of atherosclerotic lesion size

Quantification of lesion size was determined as described previously ([@b20-etm-0-0-8211]). Briefly, tissues were frozen, stored at −80°C, cut at 8-µm intervals and stained with hematoxylin and 0.5% Oil Red O (Sigma-Aldrich; Merck KGaA) for 1 h at room temperature. Atherosclerotic lesion area was quantified using Image-Pro Plus software version 5.0 (Media Cybernetics).

### Cell culture

Human umbilical artery endothelial cells were purchased from Clonetics Lonza (cat. no. 199041; Lonza Group Ltd.) and cultured in endothelial growth medium (EGM-2; Lonza Group Ltd.) in 5% CO~2~ at 37°C. After a 24-h incubation, cells were incubated with 0, 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 mg/ml of Pts for 12 h at 37°C for further analysis.

### Cell viability assay

Viability of endothelial cells was measured using the Cell Counting Kit-8 (CCK-8; Sigma-Aldrich, Merck KGaA). In brief, endothelial cells were seeded into 6-well plates at a density of 1×10^5^ cells/ml and incubated with 0.2% hydrogen peroxide (H~2~O~2~) and then treated with PBS or Pts (2 mg/ml) for 24 h at 37°C. A total of 10 µl of CCK-8 solution was added to the cells and incubated for 30 min at 37°C. Absorbance at 450 nm was measured using a Microplate Reader (Bio-Rad Laboratories, Inc.).

### Measurement of levels of nitric oxide (NO) and reactive oxygen species (ROS)

Endothelial cells (1×10^5^/well) were seeded into a 6-well plate and incubated with 0.2% H~2~O~2~ to induce oxidative stress and then treated with PBS or Pts (2 mg/ml) at 37°C for 24 h. Endothelial cells were harvested and centrifuged at 2,000 × g for 10 min at 4°C. Endothelial cells were collected and lysed with RIPA buffer (Beyotime Institute of Biotechnology) for subsequent analysis of enzyme activities. The level of NO was assessed using a commercial Nitrate/Nitrite Fluorometric Assay kit (cat. no. KA1344; Abnova) following the manufacturer\'s protocols. Intracellular ROS production was analyzed using fluorescent probe DCFH-DA (cat. no. D6883; Sigma-Aldrich, Merck KGaA) as described previously ([@b21-etm-0-0-8211]).

### Small interfering (si-)RNA-mediated knockdown

Endothelial cells (1×10^5^/well) were seeded into a 6-well plate. After 24 h, cells were transfected with siRNA-Nrf2 (si-Nrf2) forward, 5′-GAGACUACCAUGGUUCCAA(dTdT)-3′ and reverse, 5′-UUGGAACCAUGGUAGUCUC(dTdT)-3′ or si-RNA control (si-NC) forward, 5′-CCUACGCCACCAAUUUCGU-3′ and reverse, 5′-ACGAAAUUGGUGGCGUAGG-3′ (Invitrogen, Thermo Fisher Scientific Ltd.) using Lipofectamine^®^ RNAiMAX (2 µl; cat. no. 13778030; Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions (Thermo Fisher Scientific, Inc.). mRNA expression of Nrf2 was detected by western blot analysis 72-h after transfection. si-Nrf2-transfected cells were then treated with PBS or Pts (2 mg/ml) for 24 h at 37°C for further analysis.

### Western blot analysis

A total of 1×10^7^ endothelial cells were lysed in RIPA buffer (Bio-Rad Laboratories, Inc.). The lysates were centrifuged at 12,000 × g for 10 min at 4°C. The protein concentration was quantified using a BCA Protein Assay kit (Pierce, Thermo Fisher, Ltd.). Protein samples (40 µg) were loaded onto an SDS-PAGE (12% gel) and transferred onto polyvinylidene difluoride membranes (Sigma-Aldrich; Merck KGaA). Membranes were blocked with 5% bovine serum albumin (BSA; Sigma-Aldrich; Merck KGaA) and incubated with the following primary antibodies: Superoxide dismutase (SOD; 1:1,000; cat. no. ab13534), catalase (CAT; 1:1,000, cat. no. ab16731), heme oxygenase-1 (HO-1; 1:1,000, cat. no. ab13243), Nrf2 (1:1,000; cat. no. ab62352), AMPK (1:1,000; cat. no. ab32047), phosphorylated (p)AMPK (1:1,000; cat. no. ab92701, Abcam), STAT3 (1:1,000; cat. no. ab68153), pSTAT3 (1:1,000; cat. no. ab76315) and β-actin (1:1,000; cat. no. ab8226) for 12 h at 4°C. All antibodies were supplied by Abcam. After washing with PBS, membranes were incubated with HRP-conjugated secondary antibody (1:2,000; cat. no. ab205718; Abcam) for 2 h at room temperature. The bands were visualized using an enhanced chemiluminescence substrate kit (Beyotime Institute of Biotechnology; cat. no. P0018F). Protein expression was quantified using ImageJ software (version 4.6.2; National Institutes of Health).

### Apoptosis assay

The apoptosis of cells was analyzed using a TUNEL staining kit (Roche Diagnostics). For tissue, sections were stained with TUNEL for 2 h at room temperature and analyzed using a commercial TUNEL staining kit (Roche Diagnostics) according to the manufacturer\'s instructions. For cells, 1×10^4^ endothelial cells were fixed with 4% paraformaldehyde and 0.5% Triton X-100 for 30 min at room temperature, and then incubated TUNEL for 2 h at room temperature. Cells were washed with PBS three times and then incubated with 5% DAPI (Sigma-Aldrich; Merck KGaA) for 30 min at room temperature. Images were captured at ×100 magnification under Aqueous mounting medium (cat. no. ab64230; Abcam) using a ZEISS LSM 510 confocal microscope with a 488 nm laser. The apoptosis rate was measured using Developer XD 3.0 (Definiens AG) software version 1.0. Six fields of view were randomly assessed for each treatment group.

### Statistical analysis

All data are expressed as the mean ± SEM. Statistical analysis was conducted with Student\'s t-test or one-way ANOVA followed by Tukey\'s test using SPSS software (version 17.0; SPSS, Inc.). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Pts improves symptoms of atherosclerosis in a rat atherosclerosis model

Symptoms of atherosclerosis were recorded in rats of both the Pts and PBS group. The results showed that Pts administration attenuated atherogenesis when compared with control ([Fig. 1A](#f1-etm-0-0-8211){ref-type="fig"}). Administration of Pts reduced the area of aortic plaques and macrophage infiltration in the atherosclerotic rat model ([Fig. 1B and C](#f1-etm-0-0-8211){ref-type="fig"}). Pts administration suppressed apoptosis of the vascular arterial wall in an atherosclerosis rat model ([Fig. 1D](#f1-etm-0-0-8211){ref-type="fig"}).

### Pts suppresses the inflammatory response in an atherosclerosis rat model

Inflammatory cytokines play a crucial role in regulating the inflammatory response in atherosclerosis. Serum levels of inflammatory cytokines including MCP-1, IL-6, IL-1β and TNF-α were examined to determine whether Pts could regulate their expression. *In vivo* results showed that Pts administration corresponded with decreased serum levels of MCP-1, IL-6, IL-1β and TNF-α ([Fig. 2A-D](#f2-etm-0-0-8211){ref-type="fig"}).

### Pts decreases H~2~O~2~-induced cytotoxicity in cultured endothelial cells

The protective effects of Pts on endothelial cells were investigated *in vitro*. The dose of 2.0 mg/ml Pts showed the optimal protective effect on H~2~O~2~-induced cytotoxicity in endothelial cells ([Fig. S1](#SD1-etm-0-0-8211){ref-type="supplementary-material"}). The results showed that Pts administration decreased H~2~O~2~-induced cytotoxicity compared with the PBS group ([Fig. 3A](#f3-etm-0-0-8211){ref-type="fig"}). Oxidative stress injury-associated ROS production and NO generation was reduced by Pts, and the expression levels of antioxidant proteins SOD, CAT and HO-1 were upregulated by Pts in these endothelial cells ([Fig. 3B and C](#f3-etm-0-0-8211){ref-type="fig"}). Apoptosis of endothelial cells was reduced after Pts treatment when compared with control ([Fig. 3D](#f3-etm-0-0-8211){ref-type="fig"}).

### Pts inhibits the Nrf2-mediated AMPK/STAT3 pathway in cultured endothelial cells

The Nrf2-mediated AMPK/STAT3 pathway was analyzed in cultured endothelial cells. Pts administration increased Nrf2, STAT3 and AMPK expression in endothelial cells ([Fig. 4A](#f4-etm-0-0-8211){ref-type="fig"}). Knockdown of Nrf2 (si-Nrf2) abolished Pts-regulated AMPK and pAMPK and increased STAT3 and pSTAT3 levels in endothelial cells ([Fig. 4B](#f4-etm-0-0-8211){ref-type="fig"}). The results revealed that knockdown of Nrf2 increased Nrf2 expression and increased the ratio of p-Nrf2/t-Nrf2 in endothelial cells ([Fig. S2](#SD1-etm-0-0-8211){ref-type="supplementary-material"}).

### Knockdown of Nrf2 reduces Pts-regulated oxidative stress prevention of injury and apoptosis in endothelial cells

The role of Nrf2 knockdown was further investigated in Pts-regulated oxidative stress injury and apoptosis in endothelial cells. The results demonstrated that si-Nrf2 decreased SOD, CAT and HO-1 protein expression compared with si-NC and that there was no significant difference between si-NC and si-Nrf2+ Pts group in endothelial cells ([Fig. 5A](#f5-etm-0-0-8211){ref-type="fig"}). Similarly, knockdown of Nrf2 increased apoptosis of endothelial cells and reduced Pts-induced prevention of apoptosis in endothelial cells when compared with the si-NC group ([Fig. 5B](#f5-etm-0-0-8211){ref-type="fig"}).

Discussion
==========

Pts is a stilbene belonging to a family of polyphenols reported to have anti-inflammatory effects in fructose-fed diabetic and acute renal ischemia reperfusion injury rats ([@b14-etm-0-0-8211],[@b22-etm-0-0-8211]). Previously, Nrf2 was reported to play a pivotal role in inflammasome activation and oxidative stress ([@b18-etm-0-0-8211]). An additional study reported that Pts ameliorated streptozotocin-induced diabetes through enhancement of antioxidant signaling pathways mediated by Nrf2 ([@b23-etm-0-0-8211]). Notably, Pts was shown to inhibit high fat-induced atherosclerosis inflammation via regulation of the NF-κB signaling pathway in experimental mice ([@b13-etm-0-0-8211]). The current study aimed to clarify the therapeutic mechanism of Pts action on endothelial cells in the atherosclerotic rat. The results revealed that Pts administration attenuated atherogenesis, aortic plaque formation, macrophage infiltration, oxidative stress and apoptosis of vascular arterial walls in an atherosclerosis rat model. Data suggested that Pts decreased oxidative stress and inhibited apoptosis via an Nrf2-mediated AMPK/STAT3 signaling pathway in endothelial cells, which ameliorated atherosclerosis.

Inflammation plays a key role in the pathogenesis of atherosclerosis and has gained considerable attention in clinical practice ([@b24-etm-0-0-8211]). MCP-1 is expressed by endothelial cells and has been reported to play an important role in the pathogenesis of atherosclerosis and to influence cell growth within the atherosclerotic lesion ([@b25-etm-0-0-8211]). In the current study Pts reduced the serum level of MCP-1 in a rat model of atherosclerosis. Release of the pro-inflammatory cytokine IL-6 affects the histological features of plaque composition ([@b26-etm-0-0-8211]). In addition, studies have found that proinflammatory IL-1 family cytokine production was increased in atherosclerosis patients due to a reduction in wall shear stress ([@b27-etm-0-0-8211]). Further findings suggested that TNF-inhibitory intervention should be added to conventional therapy as a novel strategy for treating the elderly patients with atherosclerosis ([@b28-etm-0-0-8211]). In the current study Pts administration effectively decreased serum levels of IL-6, IL-1β and TNF-α, indicating that Pts may reduce the apoptosis of endothelial cells by modulating the expression of inflammatory cytokines.

Antioxidative and anti-inflammatory efficacy contributes to Pts anti-atherosclerosis activity and it has been confirmed to regulate endothelial function in a rat model ([@b29-etm-0-0-8211]). In addition, the excessive release of ROS leads to enhanced lipid peroxidation, aggravated atherosclerosis and oxidative stress ([@b30-etm-0-0-8211]). Furthermore, SOD has potential beneficial effects with respect to the development of atherosclerosis ([@b31-etm-0-0-8211]). A reduction in NO generation leads to an improvement in LPS-induced apoptosis in RAW 264.7 macrophages ([@b32-etm-0-0-8211]). Previous studies have also found that atherosclerosis is a chronic inflammatory cardiovascular disease and is characterized by an increased ROS and NO production in arterial endothelial cells ([@b30-etm-0-0-8211],[@b33-etm-0-0-8211]). In the current study the efficacy of Pts was reported in preventing oxidative stress injury. In addition, Pts treatment decreased ROS and NO production in endothelial cells, which further improved the endothelium function and may be regarded as a therapeutic drug for the treatment of atherosclerosis. These findings may be attributed to the antioxidative efficacy of Pts, due to Nrf2-mediated signal transduction in endothelial cells.

Nrf2 is essential for cholesterol crystal-induced inflammasome activation and exacerbation of atherosclerosis ([@b17-etm-0-0-8211]). Nrf2-mediated pathways are associated with antioxidant defense in atherosclerosis ([@b34-etm-0-0-8211]). AMPK-dependent phosphorylation of sterol regulatory element-binding protein may offer therapeutic strategies to atherosclerosis ([@b35-etm-0-0-8211]--[@b37-etm-0-0-8211]). Furthermore, inhibition of STAT3 activation may be a potential therapeutic target in the treatment of atherosclerosis ([@b38-etm-0-0-8211]). In the current study, *in vivo* assays revealed that Pts treatment attenuated atherogenesis, reduced the number and area of aortic plaques and macrophage infiltration, and suppressed oxidative stress and apoptosis of vascular arterial walls in atherosclerosis rat model. *In vitro* assays showed that Pts regulated oxidative stress injury and apoptosis via Nrf2-mediated AMPK/STAT3 pathway in endothelial cells.

In conclusion, the key findings of the current study are that Pts may be an efficient drug in endothelial cells in the pathology of atherosclerosis. The results indicated that the protective effects of Pts may be associated with the regulation of Nrf2-mediated AMPK/STAT3 pathway, which provides a potential novel anti-atherosclerosis agent for patients.
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Pts reduces symptoms of atherosclerosis in an atherosclerosis rat model. (A) The number of aortic plaques/cm^2^. (B) Plaque area. (C) Macrophage infiltration. (D) Apoptosis of vascular arterial walls in atherosclerosis rat model. Scale bar, 50 μm. \*\*P\<0.01 vs. PBS. Pts, pterostilbene.
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![Pts decreases the inflammatory response in an atherosclerosis rat model. Inflammatory cytokines (A) MCP-1, (B) IL-6, (C) IL-1β and (D) TNF-α in serum samples of Pts and PBS groups of rat models of atherosclerosis. \*\*P\<0.01 vs. PBS. IL, interleukin; MCP-1, monocyte chemoattractant protein-1; Pts, pterostilbene; TNF-α, tumor necrosis factor-α.](etm-19-01-0045-g02){#f2-etm-0-0-8211}

![Pts decreases H~2~O~2~-induced cytotoxicity in endothelial cells. (A) Effect of Pts on cell viability in H~2~O~2~-induced endothelial cell cytotoxicity. (B) Oxidative stress injury induces ROS production and NO generation in endothelial cells treated with Pts and PBS. (C) Expression levels of antioxidant proteins SOD, CAT and HO-1 in endothelial cells. (D) Apoptosis of endothelial cells in Pts and control groups. \*P\<0.05 and \*\*P\<0.01 vs. control. CAT, catalase; H~2~O~2~, hydrogen peroxide; HO-1, heme oxygenase-1; NO, nitric oxide; Pts, pterostilbene; ROS, reactive oxygen species; SOD, superoxide dismutase.](etm-19-01-0045-g03){#f3-etm-0-0-8211}

![Pts inhibits the Nrf2-mediated AMPK/STAT3 pathway in endothelial cells. (A) Effect of Pts on Nrf2, AMPK, pAMPK, STAT3 and pSTAT3 levels in endothelial cells. (B) Effects of Nrf2 knockdown on Pts-regulated AMPK, pAMPK, STAT3 and pSTAT3 levels in endothelial cells. \*\*P\<0.01. AMPK, 5′ adenosine monophosphate-activated protein kinase; Nrf2, nuclear factor erythroid 2-related factor 2; p, phosphorylated; Pts, pterostilbene; STAT3, signal transducer and activator of transcription 3; ns, not significant; NC, negative control; si, small interfering RNA.](etm-19-01-0045-g04){#f4-etm-0-0-8211}

![Effect of si-Nrf2 and Pts on oxidative stress injury and apoptosis in endothelial cells. (A) Effects of Nrf2 knockdown on Pts-regulated SOD, CAT and HO-1 protein expression in endothelial cells. (B) Effects of Nrf2 knockdown on apoptosis in endothelial cells. \*\*P\<0.01. CAT, catalase; HO-1, heme oxygenase-1; Nrf2, nuclear factor erythroid 2-related factor 2; Pts, pterostilbene; si, small interfering RNA; SOD, superoxide dismutase; NC, negative control; ns, not significant.](etm-19-01-0045-g05){#f5-etm-0-0-8211}
